Plasmodium falciparum encodes a novel repertoire of the Plasmodium helical interspersed subtelomeric (PHIST) family of exported proteins, which play diverse roles in infected red blood cells, contributing to malaria pathogenesis. PHIST proteins are central to parasite biology and modify human erythrocytes by interacting with parasite and host proteins. Here, we have attempted to understand the localization and function of two unexplored proteins of the PHISTc subfamily, PFD1140w and PF11_0503, and compared these with a well-characterized member, PFI1780w. We demonstrate that Phist domains assume different oligomeric states owing to a distinct array of subunit interface residues. Colocalization of a Maurer's cleft signature protein, P. falciparum skeleton-binding protein-1 (PfSBP-1), and P. falciparum erythrocyte membrane protein-1 (PfEMP-1) revealed different subcellular destinations for these PHIST members. We further show the binding of recombinant PHIST proteins to the cytoplasmic tail of PfEMP-1 and a novel interaction with PfSBP-1. Interestingly, PFD1140w interacts with PfEMP-1 and PfSBP-1 simultaneously in vitro leading to formation of a complex. These two distant PHISTc members also bind PfEMP-1 on distinct sites, despite sharing the Phist domain. Our data re-emphasize a supportive role for PHIST proteins in cytoadhesion, and identify a new binding partner, PfSBP-1, for members of this family. This information therefore adds another chapter to the understanding of P. falciparum biology and highlights the significance of the unexplored PHIST family.
Introduction
The eukaryotic parasite Plasmodium falciparum (Pf) causes the most lethal form of human malaria, responsible for widespread mortality worldwide. During its asexual intracellular stages in humans, Pf resides in and extensively remodels human red blood cell (RBC) topography and membrane cytoskeleton architecture.
Erythrocyte refurbishment is accomplished by a repertoire of exported parasite proteins that are secreted into the host cytosol, and trafficked to various subcellular locations, building a suitable niche for survival of the parasite [1] . Host cell remodelling includes formation of electron dense protrusions (knobs) on the infected red blood cell (iRBC) surface, formation of new permeability pathways and increased rigidity, which allow the parasite to replicate in a sealed compartment known as the parasitophorous vacuole (PV) inside the iRBCs [2] [3] [4] . Most proteins destined for export to the host are driven by a pentameric stretch of amino acids called the Plasmodium export element (PEXEL) motif; a few others have also been reported to be exported in the absence of a PEXEL motif, and are therefore regarded as PEXEL-negative export proteins [5, 6] . Although the relationship between protein export and malaria pathology is unclear, it was reported that many exported proteins are trafficked to their final destinations either in soluble protein complexes or in vesicles or via parasite-originated membranous structures called Maurer's clefts (MCs) [7] [8] [9] . Pathology of the disease is largely attributed to the exported Pf erythrocyte membrane protein-1 (PfEMP-1) family, known to mediate adhesion of infected erythrocytes to microvascular endothelial cells, which allows the parasite to circumvent spleen-dependent destruction and escape the host immune response [10, 11] . PfEMP-1 comprises two domains: an extracellular variable ectodomain that binds endothelial receptors [12] and an intracellular semiconserved acidic terminal segment (ATS) domain associated with other exported parasite proteins or host erythrocyte proteins [13, 14] . Pf skeleton-binding protein-1 (PfSBP-1) is an integral membrane protein that spans the MC membrane and plays a critical role in translocation of the major virulence factor PfEMP-1 onto the surface of iRBCs [15, 16] .
Plasmodium helical interspersed subtelomeric (PHIST) is one of the novel families of exported proteins that play diverse roles in malaria biology including trafficking of exported proteins, their stabilization in iRBCs and modification of the iRBC membrane [17] [18] [19] . The PHIST family has linearly expanded in different species of human malaria parasites, and has 72 paralogues in P. falciparum, 39 in Plasmodium vivax and 27 in Plasmodium knowlesi [19] . They are classified into three subfamilies, viz. PHISTa, PHISTb and PHISTc, according to their species distribution, sequence complexity and presence of conserved tryptophan residues. A typical PHIST family gene has a two-exon structure: exon 1 encodes the signal sequence while exon 2 encodes an export motif along with a conserved Phist domain of approximately 150 amino acids. Although PHIST proteins share a conserved domain, they do not show much sequence identity and possess even more length variability beyond the PHIST domain in the C-terminal region. The PHISTa subfamily is very short in length and consists of only a signal sequence, a PEXEL motif and a PHIST domain. The PHISTb subfamily shows more length variation in the C-terminal region whereas the PHISTc subfamily forms the most diverse group and shows extensive sequence variability amongst paralogues [18, 19] .
PHIST family proteins play a central role in host cell remodelling to build a suitable niche for parasite survival [18, 20] . Several members of the PHIST family are essential for parasite viability in asexual blood stages, and are involved in protein trafficking and increasing membrane rigidity [17, 18] . A subset of PHISTb proteins are known to localize at the periphery of iRBCs where they may act as cross-linkers of the erythrocyte cytoskeleton [21, 22] . Transcriptome data from pregnancy-associated malaria patients suggest a specific PHISTc protein (PFD1140w) and PfEMP-1 variant (Var2CSA) to be transcriptionally up-regulated many fold in both placental and peripheral parasites. Var2CSA is a mediator of adhesion to the placental receptor chondroitin sulphate A. Moreover, the seroreactivity profile of PFD1140w was observed to be similar to Var2CSA, suggesting the involvement of these genes in the development of the placental parasite phenotype [23] .
Oberli et al. [24] solved the first atomic resolution structure of the Phist domain of a PHISTc member, PFI1780w, and described the interface region for PHIST-PfEMP-1 interaction. The Phist domain of PFI1780w is characterized by a structure of four simple a-helical bundles. Residues of a2 and a3 helices of PFI1780w form the interface for binding with the Cterminal fragment of ATS, as revealed in NMR titration with ATS of PfEMP-1. A PHISTb member (PFE1605w) was observed to comigrate from parasites to the iRBC surface along with PfEMP-1 both in time and space, while directly binding to the ATS domain 30 times more strongly than PFI1780w and assisting cytoadhesion [24, 25] . An additional lysine rich domain, LyMP, present in PFE1605w binds host cytoskeleton proteins and plays a key role in anchoring this PHIST member to the iRBC membrane [21] . Yeast two-hybrid data identified a PHISTa protein as a binding partner of erythrocyte cytoskeletal protein band 4.1R [26] . This indicates that PHIST may alter iRBC membrane deformability and rigidity by displacing a cytoskeletal protein, p-55, from 4.1R.
A recent report suggested a PHISTb protein, PfPTP2, to be present in exosomes [27] , while another PHIST member localizes to MCs, and yet another was found localized to J-dots [17, 28] . These observations collectively argue for the existence of diverse trafficking pathways for PHIST proteins in iRBCs.
In the present study, we have functionally characterized two unexplored PHISTc family proteins that are distant to the well-characterized PHISTc member 
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The FEBS Journal 285 (2018) 294-312 ª 2017 Federation of European Biochemical Societies PFI1780w. Our size exclusion chromatography and in silico data suggest that these PHISTc members have different oligomeric states in solution, and they harbour variable oligomer interface residues owing to high sequence polymorphism. Our localization data show that although these PHIST proteins are exported to the iRBC cytosol, they migrate to distinct subcellular compartments. PFI1780w and PF11_0503 migrate to the iRBC membrane and colocalize with the surface-expressed PfEMP-1, whereas PFD1140w remains confined to MCs as it colocalizes with PfSBP-1 throughout the asexual stages in a punctate pattern. All three PHIST proteins were observed to directly bind the ATS domain of PfEMP-1, whereas only one member, PFD1140w, showed the ability to interact with PfSBP-1. Interestingly, phosphorylation of the cytoplasmic tail of PfEMP-1 leads to its reduced binding affinity for MC-localized PFD1140w, whereas negligible effect was observed for iRBC membraneassociated members. Our in vitro data also show that PFD1140w interacts with both PfEMP-1 and PfSBP-1 to form a complex, indicative of distinct binding sites for these Pf proteins on PFD1140w. Competitive binding assays for PHIST members PFD1140w and PF11_0503 on the ATS of PfEMP-1 also showed simultaneous interaction of these with the major virulence factor, suggesting a functional divergence for these candidates. However, surface-expressed PFI1780w and PF11_0503 competed for binding to the ATS, indicative of their convergent functions. From these observations, we hypothesize variable possible functional roles for these PHIST proteins to assist cytoadherence by PfEMP-1, and probably aid intracellular trafficking of the major virulence factor PfEMP-1.
Results
Expression, purification and characterization of recombinant PHIST proteins
Constructs containing Phist domains of PFD1140w, PF11_0503 and PFI1780w were generated by cloning in pET28a (+) vector, followed by expression in Escherichia coli BL21 (DE3) cells. Figure 1A shows a schematic representation of the domain organization of PHIST proteins, highlighting the cloned portions below each diagram. Expression was scaled up to purify proteins from the soluble fraction using affinity, ion exchange and gel permeation chromatographic techniques (Fig. 1B) (Fig. 1C) . Western blot analysis was conducted on total protein extracts from a parasite pellet and iRBC cytosol using specific antisera against PFD1140w and PF11_0503 for in vivo expression analysis of PHIST proteins during the asexual blood stages of Pf. A single band of expected molecular mass for PFD1140w (38 kDa) and PF11_0503 (43 kDa) was detected only in the parasite pellet, while no band was detected in the iRBC cytosol (Fig. 1D) , suggesting association of both proteins with membranous fractions.
Oligomeric state of PHIST proteins
Oligomeric states of PFD1140w and PF11_0503 in solution were investigated using size exclusion chromatography. Comparison of their elution profiles on a gel filtration column with standards (BSA, 66.5 kDa; chymotrypsin, 25 kDa) suggested PFD1140w and PF11_0503 exist as a dimer (39.2 kDa) and monomer (27.6 kDa), respectively ( Fig. 2A,B) . SDS/PAGE analysis of eluted fractions displayed protein bands of expected molecular mass (PFD1140w, 19.6 kDa; PF11_0503, 27.6 kDa), confirming their identity.
Crystal structure of the Phist domain of PFI1780w displayed a four a-helical homodimer organization comprising a short helix followed by a bundle of three long a-helices [24] . To gain insight into the dimeric form of PFI1780w and PFD1140w, in silico analysis was performed to analyse interface residues critical for dimerization of PHIST proteins. The Phist domains of PFD1140w and PF11_0503 were modelled using the crystal structure of the Phist domain of PFI1780w (PDB ID: 4JLE) as a template with the SWISS MODEL tool. The built models were validated by PROCHECK and ERRAT, and found to be sufficiently robust for virtual mapping of key interface residues responsible for their oligomerization. Ramachandran plots of the modelled structures generated by PROCHECK showed 97% and 96.9% residues to lie in the core region for PFD1140w and PF11_0503, respectively, while the overall quality factor obtained from the ERRAT score was 97.84% and 93.119%, respectively.
Since model structures obtained for both PFD1140w and PF11_0503 were dimers like PFI1780w, analysis of the dimer interface was performed to understand their oligomeric status. A number of hydrophobic and polar interface residues involved in dimerization of PFI1780w were computed by the Protein Interactions Calculator (PIC) web server, which showed the protein's a3 helix to be the central hub for interactions (Fig. 2C) . Multiple sequence alignment of the Phist domains from all three proteins was performed to compare residues of PFI1780w involved in dimer formation with their corresponding residues in PFD1140w and PF11_0503. Several residues forming H-bonds and hydrophobic interactions in the a3 helix of PFI1780w were semiconserved in PFD1140w, while conservation was absent in PF11_0503, providing further evidence for the dimeric and monomeric states of PFD1140w and PF11_0503, respectively. These include four major residue pairs forming hydrophobic interactions in PFI1780w, i.e. F165-F165, F165-F168, F168-F168 and Y173-W221 (Fig. 2Da,b) . The corresponding residues in PFD1140w that showed a semiconserved nature include T274-T274, T274-F277, F277-F277 and I282-L322. Similarly, three major residue pairs involved in H-bond formation, i.e. E179-E184, N190-N190 and N190-G191, of PFI1780w and S290-D295, S302-S302 and S302-D303 of PFD1140w were observed linking main chain-side chain and side chain-side chain atoms ( Fig. 2Dc-e) . These hydrophobic and partial hydrophilic interface residues bringing together two subunits play a pivotal role in dimer formation in PFI1780w and PFD1140w. Absence of these linkages in PF11_0503 favours its monomeric form.
PHISTc proteins show differential subcellular localization
Immunofluorescence assays (IFAs) were performed to visualize expression and localization of PFD1140w, PF11_0503 and PFI1780w during the asexual stages of Pf using protein-specific antibodies on cultured parasites ( show uniform fluorescence around the rim of the iRBCs, whereas PFD1140w predominantly shows punctate fluorescence in the iRBC cytosol and some discontinuous fluorescence close to the periphery of the iRBCs, characteristic of MC proteins [16] . These data suggest that both PFI1780w and PF11_0503 are exported to the iRBC membrane, whereas PFD1140w remains confined to MCs. Localization of PFI1780w to the periphery of iRBCs has also been previously reported by Oberli et al. [24] .
To understand the localization of PHIST proteins in iRBCs in more detail, colocalization assays were performed with the well-known MC marker PfSBP-1 and surface-expressed PfEMP-1 in different stages of parasite growth using their specific antisera. At the trophozoite stage of parasite development, PFD1140w showed a discrete punctate pattern that appeared to colocalize with PfSBP-1 (Fig. 3A) . In the schizont stage, significant overlapping of signals was observed in a punctate organization within the iRBC cytosol, suggestive of the coexistence of PFD1140w and PfSBP-1 in MCs. Colocalization assays with PfEMP-1 displayed only partial overlap at the mature trophozoite stage of parasite development, while PfEMP-1 fluorescence seemed to surround PFD1140w fluorescence at the schizont stages (Fig. 3B ).
PF11_0503 showed a similar expression pattern to that of PfSBP-1 at the ring stage of parasite development ( Fig. 3C ), whereas the expression of PFI1780w was negligible (Fig. 3E ). At the mature trophozoite and early schizont stages, PFI1780w and PF11_0503 showed limited overlap with PfSBP-1 as punctate foci, while a more homogeneous distribution around the periphery of iRBCs surrounding PfSBP-1 fluorescence could be seen at the mature schizont stage. Both these PHIST proteins had a very confined and remarkable overlap with PfEMP-1 in mature schizonts, suggesting iRBC membrane to be their final destination (Fig. 3D,F) .
Recombinant Phist domains interact differentially with PfEMP-1 and PfSBP-1
PFI1780w and PFE1605w were reported to bind the ATS domain of PfEMP-1 [24] . Therefore, we tested the binding of our recombinant proteins with recombinant ATS domain. Since PFD1140w localizes to MCs, and PfEMP-1 is known to be exported through MCs, we also tested binding of recombinantly expressed Phist members with MC-destined PfSBP-1. Dot blot assays were performed to analyse the ability of recombinant Phist domains of PFD1140w, PF11_0503 and PFI1780w to bind with the ATS domain of PfEMP-1 and PfSBP-1. Purified PHIST proteins were immobilized on nitrocellulose (NC) membrane, and allowed to bind with PfEMP-1 and PfSBP-1 followed by probing with specific polyclonal antisera against PfEMP-1 and PfSBP-1. We observed significant binding to the ATS domain of PfEMP-1 for all three PHIST proteins ( Fig. 4B, left panel) . Interestingly, when we tested binding of PHIST proteins with PfSBP-1, only PFD1140w showed interaction while no significant binding was observed with PF11_0503 and PFI1780w (Fig. 4A, left panel) . Therefore, MC-destined PFD1140w interacts with both ATS and PfSBP-1, whereas surface-expressed PF11_0503 and PFI1780w interact only with the ATS domain of PfEMP-1.
Interaction of PHIST proteins with the ATS domain and PfSBP-1 was further verified by semiquantitative ELISA assays. In vitro plate-based assays have been widely used for studying protein-protein interactions. PFD1140w bound very significantly to both PfSBP-1 and the ATS domain in a concentration-dependent manner; the binding showed saturation at higher concentrations (Fig. 4A,B) . Also, PF11_0503 and PFI1780w showed significant binding with the ATS domain; none of these showed interaction with PfSBP-1 (Fig. 4A,B) .
Kinetic analyses of the interaction of recombinant PFD1140w and PF11_0503 PHIST proteins with the ATS domain of PfEMP-1 were carried out using a biolayer interferometry (BLI) assay. Steady-state analysis generated
À16 lM for the PFD1140w-PfEMP-1 interaction and K d = 250 AE 0.00 lM for the PF11_0503-PfEMP-1 pair, depicting significantly different binding strengths for these members.
ATS phosphorylation weakens its binding to PFD1140w
The binding of the Phist domain to casein kinase 2 (CKII)-phosphorylated and unphosphorylated ATS was semiquantitatively measured using plate-based binding assays. Phosphorylated and unphosphorylated recombinant ATS proteins were coated and allowed to bind to increasing concentrations of PHIST proteins. PFD1140w bound significantly better to unphosphorylated ATS relative to phosphorylated ATS (Fig. 5 ). However, this modification did not have a significant effect on the binding ability of PF11_0503 and PFI1780w to ATS (data not shown).
PFD1140w binds PfSBP-1 and PfEMP-1 simultaneously in vitro to form a complex
In vitro aminoplus coupling resin-based pull-down assays were used to determine whether PFD1140w binds with ATS and PfSBP-1 simultaneously, or replaceably. Purified ATS protein was cross-linked to the coupling resin, and allowed to bind with PFD1140w, followed by PfSBP-1. Bound proteins were eluted and probed with specific polyclonal antisera against PFD1140w and PfSBP-1. Western blot results show that both PFD1140w and PfSBP-1 were pulled-down on ATS cross-linked beads (Fig. 6 fixed amount of ATS (25 lg) was cross-linked on the coupling resin, and allowed to bind an experimentally determined saturating amount (100 lg) of PF11_0503. After extensive washing, increasing amounts of PFI1780w/PFD1140w (5, 10, 20, 50 and 100 lg) were added and incubated to permit PF11_0503 displacement, if any, before analyses by SDS/PAGE. Our results for the PFD1140w-PF11_0503 pair show that PF11_0503 continued to interact with ATS, as no change was observed in the intensity of bound PF11_0503 (Fig. 7A) , whereas the band intensity of PFD1140w kept gradually increasing with increasing protein amount. Binding saturation was observed above 50 lg of PFD1140w (Fig. 7A) . Nondisplacement of PF11_0503 is also evident from the absence of leaching of bound protein from ATS-coupled beads upon addition of PFD1140w (Fig. 7B showing unbound fractions). Densitometric analyses of band intensities observed on SDS/PAGE further clarify our results (Fig. 7C) . When competitive binding was tested between surface-expressed PF11_0503 and PFI1780w on beads cross-linked with ATS, the amount of PFI1780w continued to rise, while bound PF11_0503 rapidly declined (Fig. 7D) . Besides, addition of an increasing Blots were probed using anti-PfSBP-1 and anti-PfEMP-1 as primary antibodies. Horseradish peroxidase-linked secondary antibodies were used before colour development. The experiment was repeated in triplicate, and an average of measured intensities plotted. Representative blots are shown from each set of experiments. Statistical significance was analysed by one-way ANOVA (Tukey's post hoc test); *significant difference at P < 0.05 relative to negative controls. Semiquantitative ELISA (right panel): 100 ng of recombinant PfSBP-1 and PfEMP-1 were coated on microtitre plates, allowed to bind with increasing concentrations of PHIST proteins, and probed with PHISTspecific antibodies followed by horseradish peroxidase-linked secondary antibodies. Concentration-dependent binding curves were plotted where y-axis represents absorbance at 490 nm and x-axis denotes amount of PHIST proteins. The experiment was performed in triplicate, and an average was plotted. amount of PFI1780w led to significant displacement of bound PF11_0503 (Fig. 7E) . Densitometry analysis of these data further verified our interpretations (Fig. 7F) .
Discussion
Pf-infected RBCs undergo a series of modifications that are mediated by expression of parasite-encoded exported proteins [1] . PfEMP-1, a major virulence factor, is displayed at knob-like protrusions on the surface of infected erythrocytes and is central to adherence of iRBCs to endothelial cells of blood microvessels [10, 11] . Pf contains a substantially large number of exported proteins as compared with other Plasmodium species, arguably due to expansion of gene families including PHIST [19] . Such families may be key allies of PfEMP-1 in cytoadhesion and during their trafficking from parasite to the periphery of iRBCs. In this study, we have attempted to understand the localization and probable function of two members of the PHISTc subfamily by identifying their binding partners. PHIST family proteins are characterized by the presence of a transmembrane region, a PEXEL motif and a conserved PHIST domain of approximately 150 amino acids. Members of this family are present in the subtelomeric region of chromosome 14 of P. falciparum, and encode proteins with varying length (250-1200 amino acids) [19] . Sequence analysis of PHISTc subfamily proteins reveals that the Phist domain architecture is clustered into two broad categories. The Phist domain is mostly located at the Cterminal end of PHISTc proteins. However, PF11_0503 and PFI1780w have their Phist domain in the centre followed by a C-terminal region that harbours additional tandem oligomeric repeats (Fig. 1A) .
Despite the presence of a common domain with the same average length, sequence polymorphism in the PHISTc subfamily is very high with only 30% sequence identity observed amongst its paralogues. Here, we have chosen PHISTc members with limited sequence identity with the well-characterized PFI1780w (PF11_0503 has 25% sequence identity with 9% query cover and PFD1140w has 30% sequence identity with 25% query cover) [29] . Information on such distant members is likely to shed new light on malaria biology. Recombinant PHIST proteins were cloned and overexpressed in soluble form in a bacterial expression system [BL21 (DE3)]. Specific polyclonal antisera were raised against the PHIST proteins and tested for their specificity against PHIST proteins prior to their use in experiments (data not shown). Raised antisera were used to check in vivo expression of PHIST proteins using western blot and immunofluorescence assays. Expression was observed for both PFD1140w and PF11_0503 at asexual blood stages (Fig. 1D) . Distinct bands were observed only in saponin lysed Pf3D7 parasite pellets, indicating the presence of both the proteins in membrane-associated fractions of parasites (e.g. MCs/parasitophorous vacuole membrane (PVM)/ iRBC membrane).
The oligomeric states of recombinant PFD1140w and PF11_0503 were investigated by gel permeation chromatography. Our data reveal PFD1140w to exist as a dimer in solution, whereas PF11_0503 displays monomeric form. The atomic resolution structure for the Phist domain of PFI1780w presents its homodimeric nature [24] . We performed in silico analysis to recognize key amino acid residues present at the dimer interface. a3 helices from both contributing monomers play a significant role in favouring dimer formation with the help of numerous H-bonds and hydrophobic interactions. Comparison of dimer interface residues in PFD1140w and PF11_0503 using multiple sequence alignment and residue mapping on homology models gave further insight into the oligomeric assembly of these proteins. While PFD1140w was found to possess most interactions important for dimerization, many of these went missing in PF11_0503, causing it to remain as a monomer. Such difference in oligomeric state of Pf proteins carrying conserved domains has also been observed in the past; e.g. Duffy binding like (DBL) domain of P. falciparum erythrocyte-binding antigen EBA-175 forms a dimer, while P. knowlesi DBL domain (Pka-DBL) is monomeric [30] .
Several functions have been assigned to PHIST family proteins in iRBCs, although localization of only a few proteins has been described [18, 24, 25] . Here, we demonstrate that three candidates of the PHISTc subfamily are exported to the host cell, where they localize to different subcellular locations. The PHISTc proteins PFI1780w and PF11_0503 were observed to have partial colocalization with the MC signature protein PfSBP-1 at the trophozoite stages of parasite development. At later stages, both proteins were found to significantly colocalize with PfEMP-1 uniformly around the periphery of iRBCs. Our data are in accordance with a recent study where live cell imaging of green fluorescent protein-tagged PFI1780w showed its localization at the peripheral region of iRBCs [24] . Therefore, it is likely that PFI1780w and PF11_0503 reach their final destination (iRBC membrane) by trafficking through the MC route, similar to PfEMP-1 [15] . On the contrary, PFD1140w showed a persistent punctate pattern at asexual stages, indicative of localization to MCs. This protein colocalized notably with PfSBP-1, a well-known marker protein of MCs. Analysis of expression and export timing of PFD1140w and PfSBP-1 revealed interesting information. While PfSBP-1 was apparently expressed and exported beyond the PVM as early as the ring stage of parasite development, PFD1140w seemed to remain confined within the parasite cytosol until the early trophozoite stage. However, expression of PfSBP-1 continued to increase until late stages of the parasite life cycle.
MCs have been long considered as an intermediary protein sorting membranous compartment that play a crucial role in export of PfEMP-1 from PVM to the iRBC surface [16, 31] . At each step of protein export, a subset of parasite-encoded exported proteins are involved in mediating its trafficking [16, 19, 32] . However, the mechanism behind its journey still remains a subject of debate. Several exported proteins, including chaperones and cochaperones, have been observed in novel mobile structures (J-dots) in the iRBC cytosol that are implicated in trafficking of PfEMP-1 [33, 34] . Exported proteins may also form soluble complexes with PfEMP-1 to mediate its trafficking across the host cytosol and subsequently assemble at MCs of iRBCs [16, 32] . Ultrastructural studies have revealed electron dense vesicles carrying PfEMP-1 to bud from PVM and fuse with MCs [35] . After reaching MCs, a number of MC resident proteins, including PfSBP-1, have been identified as being required for trafficking of PfEMP1 to the surface of the infected RBCs [16, 32] . PfEMP-1 is presumably delivered to the iRBC membrane from MCs via a vesicle-mediated pathway [35] .
Our in vitro binding assays (dot blots and semiquantitative ELISA) reveal that all three proteins bind to cytoplamic ATS of PfEMP-1, while PFD1140w was found to associate with PfSBP-1 also. The kinetics of Phist-ATS interactions were measured at different analyte (ATS) concentrations by BLI; these data show that both PFD1140w and PF11_0503 bind to ATS. Both the PHIST proteins seemed to increase the biphasic character of the binding curves, and saturation was attained in all analyte concentrations. Steadystate analysis curves reveal that PFD1140w has a parabolic character, while PF11_0503 seemed to increase linearly. Different K d values of these pairs suggest that PHIST proteins bind to the ATS of PfEMP-1 with differential binding strengths (Fig. 4C,  D) . PFI1780w and PFE1605w have previously been reported to show varying binding affinities towards the intracellular ATS domain of PfEMP-1 variant PF08_0141. Additionally, transcriptome analysis showed PFD1140w and PfEMP-1 variant VAR2CSA to be substantially up-regulated in both placental and peripheral parasites in pregnancy-associated malaria [23] . As proposed earlier by Oberli et al., a large expansion of the PHIST protein family in Pf and their variable binding affinities for different semiconserved ATS domains of PfEMP-1 is suggestive of distinct PHIST proteins being optimized for their respective PfEMP-1 variant partners [25] . The differential subcellular localizations for PHIST members also support the existence of unique subsets of PHIST proteins with variable functions.
All three PHIST proteins characterized in this study are exported and predicted to have a single transmembrane region with their short N terminus located within the MC lumen or extracellular space. Their C termini containing the Phist domains protrude into the cytosol of iRBCs, adopting the same topology as PfEMP-1. Phist-ATS binding is feasible at any stage either before or after acquiring transmembrane topology at MCs, while interaction of PFD1140w with PfSBP-1 is possible only in transit from the parasite to MCs since both recombinant proteins assume opposite orientations once they reach MCs.
Post-translational modifications such as protein phosphorylation are an important aspect of eukaryotic biology, and have roles reported in regulation of protein function, alteration of receptor-ligand affinity and intracellular signalling [36] . Hora et al. reported that the ATS domain of PfEMP-1 harbours multiple phosphorylation sites in its N-terminal region, which is phosphorylated by ubiquitiously expressed CK2 [14] . We compared binding of PHIST proteins to phosphorylated versus unphosphorylated ATS domain using plate-based assays. Our results show that upon ATS phosphorylation, its binding to PFD1140w was significantly reduced, whereas no such effect was observed in the case of surface-expressed PFI1780w and PF11_0503. This alteration in binding affinity is likely to result from conformational changes associated with phosphorylation.
Our complex binding assays show that PFD1140w binds both PfEMP-1 and PfSBP-1 simultaneously in vitro suggesting the presence of distinct binding sites for these on PFD1140w (Fig. 6) . Since recombinantly expressed PfSBP-1 and PFD1140w assume opposite transmembrane orientations upon arrival at MCs, the only place where these may interact to form a complex is during transit from parasite to MCs. Therefore, we propose that PEXEL-positive PFD1140w may assist trafficking of PEXEL-negative PfEMP-1 through the translocon in the PVM by their direct interaction. Alternatively, both may assemble in the host cytosol either in a soluble state assisted by chaperones or trapped in transport vesicles. Our speculation is supported by gene knockout of a nonessential PHISTc protein, MAL7P1.172, which fails to express PfEMP-1 on infected erythrocyte surface [17] . The presence of the complex, however, needs to be confirmed in vivo alongside knockout experiments to conclude the role of PFD1140w in PfEMP-1 trafficking.
Our competitive binding assays between iRBC surface exported PFI1780w and PF11_0503 for binding on the ATS of PfEMP-1 revealed that these compete with each other. This indicates that PF11_0503 is likely to have a functional role similar to surfaceexpressed PFI1780w and PFE1605w. While PFI1780w is essential for parasite viability, PFE1605w plays a crucial role in supporting cytoadherence while linking PfEMP1 with the host cytoskeleton. Interestingly, all these three surface-expressed members contain repeat regions on their C termini. Considering their similar domain organization and subcellular milieu, we propose that they have convergent roles in parasite biology.
Interestingly, PFD1140w and PF11_0503 bound simultaneously to the ATS domain of PfEMP1 indicating the presence of unique binding sites for these on PfEMP1. These data are in accordance with our phosphorylated ATS-PHIST interaction data where phosphorylation had no bearing on ATS binding to surface-expressed PHISTc members, while MC-residing PFD1140w showed significant reduction in binding, suggestive of separate binding sites.
From our studies and previous data, we propose a hypothetical model for the functioning of PHIST proteins in cytoadhesion and intracellular trafficking of the major virulent factor PfEMP-1 across the host cytosol (Fig. 8) . We propose that PFD1140w may bind both PfSBP-1 and PfEMP1 intracellular ATS segment to assist export of PfEMP-1 from the parasite to MCs, while PF11_0503 is likely to play a supportive role in cytoadhesion like its other surface-expressed counterparts. However, knockout experiments of specific PHISTc members are necessary to validate this model.
In summary, our studies describe different subcellular localizations of PHISTc proteins in iRBCs, and identify these as novel interacting partners of PfEMP-1. Supporting previously published data, our results further strengthen the view that surface-expressed PHIST proteins play an important role in supporting cytoadhesion by direct binding to PfEMP-1. We report for the first time binding of a PHIST protein with PfSBP-1, adding another chapter to the complex Pf biology. Reduction in binding strength of MC-located PHISTc PFD1140w for ATS upon its phosphorylation, but not for the surface-expressed members, hints at the role of post-translational modifications in the interplay of molecular interactions. Simultaneous interaction of the conserved Phist domain of PFD1140w with ATS and PfSBP-1, and that of ATS with PFD1140w and PF11_0503 opens new avenues in understanding parasite biology. However, the same ATS-binding site for iRBC surface-expressed members PF11_0503 and PFI1780w implies a convergent role for these. Collectively, our results are a step further in understanding PHIST proteins and Pf biology.
Materials and methods

Parasite culture
Plasmodium falciparum 3D7 parasites were cultured in O + RBCs using RPMI 1640 medium supplemented with heatinactivated 10% human serum, and maintained in a 5% O 2 , 5% CO 2 and 90% N 2 containing environment. Cultures were maintained at 5% haematocrit and 5% parasitaemia. Mixed stage cultures were harvested and parasite pellet stored at À80°C for experiments.
Cloning, expression and purification of recombinant proteins
Genes for three members of the PHISTc subfamily were cloned in pET28a vector (Novagen, Merck KGaA, Madison, WI, USA) and expressed in E. coli BL21 (DE3) cells. DNA corresponding to Phist domains of PFI1780w (47-378 amino acid residues), PFD1140w (210-347 amino acid residues) and PF11_0503 (27-230 amino acid residues) was PCR amplified from cDNA of the Pf3D7 strain using gene-specific primers. All three constructs were expressed as C-terminal hexahistidine-tagged fusion proteins in BL21 (DE3) E. coli cells. Affinity purification was carried out in Tris buffer (50 mM Tris/HCl, 300 mM NaCl and 0.02% Na-azide, pH 8.0). Elutes of affinity chromatography for PFD1140w and PF11_0503 were subjected to anion exchange chromatography using a Q-sepharose column (GE Healthcare Life Sciences, Chicago, IL, USA), while PFI1780w was purified on an SP-sepharose cation exchange column (GE Healthcare Life Sciences). Final purification of all recombinant proteins was accomplished by size exclusion chromatography using a Superdex 200 column (GE Healthcare Life Sciences) equilibrated with Tris buffer (50 mM Tris/HCl, pH 8; 300 mM NaCl and 0.02% Naazide).
Recombinant ATS domain of PF08_0141 [14] and recombinant BR-5 region of PFE0065w (PfSBP-1) [37] were cloned and subjected to purification for experiments as described.
Size exclusion chromatography
Oligomeric states of PFD1140w and PF11_0503 were determined by gel permeation chromatography using the GE € AKTA FPLC TM system equipped with a Superdex 200 HR 10/ 30 gel filtration column (GE Healthcare), and monitored using UNICORN software v. 4.11. Proteins were diluted in the mobile phase (300 mM NaCl, 50 mM Tris buffer and 0.02% Na-azide pH 8), which served as the column equilibration buffer. Recombinant proteins were injected at 0.5 mlÁmin À1 and retention times monitored at 280 nm. Molecular mass standards used were BSA (66 kDa) and chymotrypsin (25 kDa). Eluates were resolved on 12% SDS/PAGE for analysis.
Homology modelling and dimer interface prediction
A BLASTP search of the Phist domain of PFD1140w and PF11_0503 against the RCSB Protein Databank was performed to find a suitable template [29, 38] . The crystal structure of the Phist domain of PFI1780w (PDB ID: 4JLE) was used to predict possible three-dimensional models for Phist domains of PFD1140w and PF11_0503 by the SWISS-MODEL ExPASy web server [39] , and evaluated using PROCHECK and ERRAT [40, 41] . The PIC web server [42] was used to identify residues resident on the dimer interface of the crystal structure of the Phist domain of PFI1780w (PDB ID: 4JLE). Multiple sequence alignment of conserved domains of all three PHIST proteins was performed using CLUSTAL OMEGA [43] . Key residues involved in dimer formation were mapped and labelled using PYMOL [44] .
Raising polyclonal antisera and immunofluorescence assays
Polyclonal antibodies were raised against all three PHIST proteins in male New Zealand White rabbits, while antibodies against ATS and PfSBP-1 were raised in male BALB/c mice following standard protocols using purified recombinant proteins as immunogens. The end point titres of antisera raised against all recombinant proteins were determined using ELISA and western blotting. Thin blood smears of mixed stage Pf3D7 cultures at 5% parasitaemia were fixed in methanol for 45 min at À20°C, permeablized with PBS/Tween 20, and blocked with 5% (w/v) BSA in PBS. For colocalization studies, primary antibodies, i.e. rabbit anti-PFD1140w (1 : 500), rabbit anti-PF11_0503 (1 : 500), rabbit anti-PFI1780w, mouse anti-SBP-1 (1 : 1000) and mouse anti-ATS (1 : 500), were added and incubated for 2 h at room temperature. Alexa Fluor 488 conjugated anti-rabbit (1 : 500, green colour, Molecular Probes, Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 546 conjugated anti-mouse (1 : 1000, red colour; Molecular Probes) were used as secondary antibodies. The parasite nuclei were counterstained with DAPI (4 0 ,6 0 -diamidino-2-phenylindole; Invitrogen) and mounted with a coverslip. The slides were examined using a confocal microscope (Nikon A1R, Tokyo, Japan) with a 9 100 oil immersion objective.
Immunoblotting using parasite lysates
Pf3D7 asexual cultures (parasitaemia 5-10%) were subjected to saponin lysis (0.15% w/v) followed by extensive washing of parasite pellet with PBS to remove traces of haemoglobin. Parasite pellet (10 lg total protein), iRBC cytosol (10 lg total protein) and purified recombinant PHIST proteins (positive control) were resolved on 12% SDS/PAGE and transferred to NC membrane. The blot was blocked in 5% BSA in PBS overnight at 4°C, and probed with rabbit anti-PHIST antisera (1 : 5000) followed by incubation with horseradish peroxidase (HRP) -conjugated goat anti-rabbit IgG (1 : 2000). Blots were developed using diamino benzidine/H 2 O 2 substrate.
Dot blot assays
In vitro binding of PHIST proteins for PfSBP-1 and ATS was tested using dot blot assays. 
Biolayer interferometry assays
Protein-protein interaction studies were carried out using a ForteBio Octet K2 instrument (Pall ForteBio, Fremont, CA, USA). The binding assay kinetics was carried out with two different PHIST proteins, PFD1140w and PF11_0503, as ligands. The binding affinities of both PHIST proteins with PfEMP-1 as an analyte were determined. Assay buffer (50 mM Tris, 50 mM NaCl) was added to stabilize PfEMP-1 interactions; 30-50 lgÁmL À1 of His tagged ligands (PFD1140w and PF11_0503) was used to load the surface of Ni-NTA biosensors (Pall ForteBio) for 20-60 s. Different analyte concentrations of PfEMP-1 (0.156-3.13 lM) were used for the binding studies. Before carrying out analysis of the association of ligands on the biosensor to the analyte, biosensor washing was performed for 100-1000 s. Finally, the dissociation of the interaction was followed for 100-300 s. Final volume for all the solutions was kept as 200 lL per well. Assays were performed at 25°C in solid black 96-well plates. Correction for any systematic baseline drift was carried out by kinetics assay buffer. Data analysis and curve fitting were done using ForteBio OCTET data analysis software v. 9.0. Curve fitting analysis was done with a 1 : 1 interaction binding model. Global analysis of the complete data was carried out using nonlinear least squares fitting to find a single set of binding parameters at all the tested analyte concentrations. Additionally, steadystate kinetic analyses were carried out for all the data.
Complex binding assay
In vitro complex formation ability of PFD1140w, PfSBP-1 and ATS was studied using CNBr activated AminoLink Plus coupling resin (Pierce, Thermo Fisher Scientific, Waltham, MA, USA). Twenty-five micrograms of purified recombinant ATS was cross-linked to the resin, and blocked with 5% BSA in PBS overnight at 4°C. These beads were incubated with purified PFD1140w for 2 h followed by PfSBP-1 for 2 h to test complex formation. ATSPFD1140w and PFD1140w-PfSBP-1 were used as positive controls, while ATS-PfSBP-1 and HSP-40-PFD1140w pairs were used as negative controls in the assay. In each of these controls, an equivalent amount of the first member of the said pair was cross-linked on the resin before addition of the second protein. Extensive washes were included after every step as described by the manufacturer's protocol. Final protein elution was carried out in elution buffer (50 mM glycine, pH 2.8). The eluted fractions were resolved on 12% SDS/PAGE and analysed by western blot to probe for PFD1140w and PfSBP-1 using anti-PFD1140w and anti-PfSBP-1 antibodies, respectively, on the same blot.
Competitive binding assay
In vitro competitive binding of PFD1140w and PF11_0503 to ATS was tested using CNBr activated AminoLink Plus coupling resin (Pierce, Thermo Fisher Scientific). Twenty-five micrograms of purified recombinant ATS protein was crosslinked to the coupling resin followed by extensive washing with wash solution. Cross-linked ATS was saturated with a standardized fixed concentration of PF11_0503 (100 lg) overnight at 4°C with intermittent mixing. Unbound proteins were removed by extensive washing, followed by incubation of the ATS-PF11_0503 complex with increasing amount of PFI1780w or PFD1140w (0, 5, 10, 20, 50 and 100 lg) for 4 h at 4°C with gentle mixing. Flow through from this binding was considered as the unbound sample. Bound proteins were eluted using elution buffer (50 mM glycine, pH 2.8). Both unbound and bound fractions were resolved on 12% SDS/PAGE. Band intensities were measured using IMAGEJ software for analysis of binding.
